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Abstract
The origin of high energy 2P1/2 and 2P3/2 x-ray satellites of titanium, copper
and Nickel dihalides has been explained using plasmon theory with a new
approach

by

considering

both

extrinsic

and

intrinsic

contribution

simultaneously. Our calculation shows that satellites are due to surface
plasmon excitation. We also review the existing calculations and experimental
measurements.
Keywords
X-ray satellite spectra; Plasmon; energy separation; Relative intensity;
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Introduction
The phenomenon of surface plasmon has been known for a long time. The underlying
principles and theories are well understood and a number of publications can be found which
discuss their properties in detail. The concept of surface plasmon was first introduced by
Ritchie [1] shortly after the discovery of bulk plasmon. In 1957, Ritchie published a series of
papers on electron energy losses in thin films, in which he described that plasmon, can also
exist near the surface of metals and thus Ritchie represented first theoretical description of the
surface plasmon. Gabor [2] attempted to develop the theory to describe the energy loss
characteristics of electrons passing through finite metal crystals. As Ritchie [1] pointed out,
http://ljs.academicdirect.org
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Gabor mistakenly assumed electric field is always zero at the surface of the crystal, which led
to unrealistic results. Rithcie [1] corrected this and applied more realistic boundary conditions
to calculate the electron interactions in extremely thin films. His work resulted in the
prediction of surface plasmons and consequently pioneered a whole new field of interest in
surface physics. However, in Maxwell’s theory it has been already shown that
electromagnetic surface waves can also propagate along a metal surface or a metal film with a
broad spectrum of eigen frequencies. Using this idea Ritchie theoretically proved that surface
plasmon simply arise as purely 2D solutions of Maxwell’s equations that propagate as
transverse magnetic wave along the metallo- dielectric interface and hence, calculated surface
plasmon energy as- ћωs= ћωp/√2 ; where ωp = bulk plasmon frequency. This equation is valid
for free electron model, but to a fairly good approximation. It can also be used for
semiconductors and insulators. Ritchie’s [1] prediction of surface plasmon was confirmed in a
series of experiments carried out by Powell and Swan [3] who demonstrated the existence of
collective electronic oscillations at the surface of Mg and Al. Shortly after, Stern and Ferrell
[4] pointed out that surface electromagnetic waves at a metallic surface involve
electromagnetic radiation coupled to the surface plasmon. They showed that surface plasma
frequency not only depend upon bulk plasmon frequency, but also depends upon dielectric
constant of second medium (ε2) adjacent to the metal. This is due to fact that a part of
restoring field of surface plasma oscillation also extends beyond the metallic boundary. Thus
the surface plasmon frequency is given by equationωs= ωp/√ (1+ε2)
For a complete clear metal surface in a vacuum ε2=1, and so above equation reduces to
Ritchie equation [1]. Since then there has been significant advance in both theoretical and
experimental investigations of collective modes in the vacuum solid interface. The renewed
interest of surface plasmon has come from x-ray satellite spectra in transition metal halides. In
a particular case, the collective excitation of electrons in the bulk of transition metal halides
has been extensively discussed, while the surface plasmon excitation has been less frequently
studied. In this paper we focus exclusively on surface plasmon excitation in of titanium and
copper and nickel halides.
X-ray satellites or non-diagram on high energy side of parent emission lines are well
known in x-ray emission spectra. Plasmon theory has been used very successfully in
explaining the origin of all those high energy satellites which are found at an energy
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separation of ħωp (plasmon energy) from the main emission x-ray line. This theory has been
also used in explaining many α, β and γ satellites [5-7]. The involvement of plasma oscillation
in X-ray emission spectroscopy (XPS) data have been studied by many authors and their
origin has been the source of active debate for a ling time. Among them satellite structure in
halides have received much attention [8-14] and have been the subject of controversy for
some time. Several workers [5-6, 15] have explained various satellites in halides using plasma
oscillation theory, but could not provide a satisfactory result in calculation of relative
intensity. In the present paper we have applied a new approach for explaining the origin of
2P1/2 and 2P3/2 satellites in titanium and copper and nickel halides using plasmon theory in the
new light. The experimental data for titanium compounds were taken form ref. [16-18]; for
copper halides from reference [19] and for nickel halides [20].
The collective oscillation experienced by electron density of solid due to certain
charge imbalance is called plasma oscillation [21-22]. Pine defined the energy of these
collective oscillations as plasmon [23]. In X-ray photoemission process the transiting valance
electron excites a plasmon in valance band. The transition energy of main line is thus shared
between plasmon (ħωp) and the emitted photon is of low energy. However, if the plasmon preexists, then during x-ray photoemission process it can transfer its energy (ħωp) to the
transiting valance electron before it annihilates the core vacancy. Thus energy of emitted xray photon will be higher than the energy of main line by amount (ħωp). The emission line
owing to this process is known as high energy satellites (HES) and has been observed by large
number of workers [24-27]. According to what has been said above, the energy separation of
energy satellite from main emission line should be equal to plasmon energy, which can be
calculated by the formula given by Marton et. al. [28].
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Table1: Energy Separation of Compounds (eV)
Calculated energy separation
Observed
energy
W
ħωp
ħωs
2ħωs
Separation[16-20]

Compounds Z'
σ
2P1/2satellites
TiCl4
6 1.73 189.73

4.76
9.5

TiO2
CuF2
CuCl2
CuBr2
2P3/2satellites
NiF2
NiCl2
NiBr2
NiI2

8
3
3
3

4.23 79.87
4.23 101.54
3.39 134.44
4.71 223.31

13.3
7.2

2
3
3
3

4.72 96.71
6.4
3.55 129.62
5.8
5.10 218.53
5.4
5.22 312.5
4.6
Bulk plasmon energy = 28.8 (Z'σ/W)1/2

7.9
10.0

4.0
9.7
13.3
7.0
8.8
10.0

[19]
[19]
[19]

5.5
5.5
5.0
4.4

[20]
[20]
[20]
[20]

(ev)

Where Z' = effective number of electrons taking part in plasma oscillation, σ = specific
gravity, W = molecular weight of compounds. This equation is valid for free electron model,
but to a fairly good approximation, it can be used for semiconductors and insulators. Since at
the surface more a localized oscillation can occur with frequency ωs also depending upon
conditions and the energy of corresponding peak, surface plasmon may also be seen, we also
calculated surface plasmon energy using formula given by Ritchie [1].The present calculated
values of surface plasmon energy in Table-1 are in better agreement with experimentally
observed [16-20] values.
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Compounds

rs

2P1/2satellite
TiCl4
4.6

TiO2
CuF2
CuCl2
CuBr2
2P3/2satellite
NiF2
NiCl2
NiBr2
NiI2

Table2: Relative Intensity of Compounds
Intensity
Relative
observed
assignment Intensity
relative
intensity
α
Present
see ref.
work
[16-20]
1.01

4.6
2.3
3.5
3.3

1.01
0.72
0.88
0.98

3.8
4.0
4.2
4.2

0.92
0.94
0.97
1.02

β2/2α
β2/2α +
β3/6α2
β-0.1
β+ β2/2α
β+ β2/2α
β+ β2/2α
β- 0.1

0.15
0.18

0.12a
0.28

[16]

0.45
0.33
0.52
0.49
0.43

0.41b
0.40
0.80
0.60
0.45

[17]
[19]
[19]
[19]

0.33
0.51
0.48
0.29

[20]
[20]
[20]
[20]

β- 0.1
0.36
β
0.48
β
0.51
0.20
β2/2α +
β3/6α2
a) Experimental results form solid state measurement [16]
b) Experimental results form gas phase measurement [17]

Relative intensity calculation
Energy separation alone is sufficient to prove the involvement of surface plasmon in
these satellites but in order to further confirm we also calculated the relative intensity (Is/Im)
using plasmon theory in new light. There are two types of plasmon excitation– intrinsic and
extrinsic [29]. A sudden change in potential due to creation of core hole results intrinsic
plasmon excitation (slow electron process). On the other hand, extrinsic plasmon excitation
results from Coulomb interaction of the conduction electrons with the photoelectron
traversing through the solid from the photoemission site to the surface (fast electron process).
Besides, an interference effect can also be visualized as the interaction between the localized
photo-hole (intrinsic) and the out going photoelectron (extrinsic) in which the virtual plasmon
created by one is absorbed by the other. It has been observed that the contributions of both
intrinsic and extrinsic plasmon excitations in photoelectron spectrum overlap one another, so
that they are not readily separable experimentally. Also the question whether the
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photoemission satellites spectra seen are intrinsic or extrinsic in nature has aroused much
controversy. Thus in order to analyze the spectrum a more detailed theoretical investigation is
needed. Now in the present paper author has tried to incorporate both the processes i.e. the
relative contribution of extrinsic process as well as the second intrinsic process. Pardee et. al.
[30] have done the remarkable job in combining both extrinsic and intrinsic effects in one
equation simultaneously with some inelastic effects and have given formula for the combined
relative intensity as-

⎛⎜ β ⎞⎟
α⎠
n
n
i = α ∑ m=0 ⎝
m!

m

where α = (1+ l/L) -1

(2)
(3)

is inelastic loss factor, which gives the relative intensity for extrinsic satellite. Here l = mean
free path for extrinsic plasmon excitation, L = mean attenuation length for electrons due to
processes other than plasmon excitation.
The parameter β is a measure for the probability Pi (n) for intrinsic excitation of n plasmons
Pi (n) = e-β (βn / n!)
The value of β [31-34] is taken as β=0.12rs

(4)
(5)

which has been used for intrinsic relative intensity by K.S. Srivastava et.al. [5] and clearly an
approximation and one of the term of equation (2).
But in the present case Pardee’s equation (2) directly with the same values of α and β
given by equations (3) and (4) respectively could not be used because it does not give
satisfactory results, so it need some modification.
Therefore in the way of modification we for the first time, modified α. We have
replaced α from inelastic loss factor to the ratio of cut- of wave vector Kc to the Fermi wave
vector as α = Kc / KF and its value is taken [35] asα = 0.47 rs1/2

(6)

Here rs is dimensionless parameter and is same as used in equation (5); given by [22] asrs = (47.11/ ħωp)2/3
for volume plasmon and for surface plasmon rs = (47.11/ ħωs) 2/3

(7)
(8)

Using this new value of α (eqn.-6) along with β (eqn.-5) in equation, we have
calculated a number of excellent results [36-40].
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The beauty of equation (2) is that it contains a series of terms, which include both
extrinsic and intrinsic contributions along with their relative coupling terms. The first term is
purely extrinsic, while second term is purely intrinsic. The other terms are containing the
relative contributions of both extrinsic and intrinsic. The specialty of this formula is that each
term alone or simultaneously [29-30] with other terms is able to give the relative intensity. It
is the type of excitation, which decides which and how many terms will be used. This formula
also includes both the categories mentioned by Bradshaw [41] and gives better results as
compared to that and than traditional methods for calculation of the relative intensity. Using
equations (2), (4), (5) and (6) the calculated values of relative intensity are given in table -2
simultaneously with experimentally observed values. Earlier workers [5-7, 15] have used
various terms of this formula alone to explain successfully the relative intensity of many
satellites up to certain extent. But, by using various terms or their relative combination we are
able to calculate not only the relative intensity of existing satellites, but also it is possible to
predict those satellites which are yet to be discovered. It is also beauty of the method that the
relative intensity of higher order satellites can easily be calculated without going in much
mathematical details. It is also possible to separate the relative contributions of extrinsic and
intrinsic excitations in total intensity. No method is present in the literature which proves the
strength of much higher satellites and separates these contributions with such accuracy.

Conclusion

Authors calculated values of plasmon energies of compounds agree well with the
experimentally observed values of energy separation. Now for the calculation of relative
intensity compounds are treated microscopically [42-44]. When treated in this way, the
satellites of different compounds slightly differ in assignment from one another in natural way
as types of halides differ. There is only difference for CuF2, CuCl2 and NiI2 showing low
intensity. This might be due to any other reason. Our calculation establishes that the satellites
of 2p1/2 main line of CuCl2 due to bulk plasmon excitation while other compounds are due to
surface plasmon excitation and the consideration of relative contributions of both extrinsic
and intrinsic play an important role in the calculation of relative strength of satellites.

65

Surface Plasmon Satellites in 2p X-Ray Satellite Spectra of Transition Metal Halides
S. K. SRIVASTAVA, Amar BAHADUR, Pankaj Kumar SINGH

Acknowledgement

Thank are due to Prof. K. S. Srivastava (Physics Department, Lucknow University,
Lucknow U.P.) and Dr. A. K. Srivastava (Physics Department, Kamla Nehru Institute of
Physical and Social Sciences, Sultanpur, U.P.) for his constant advice and many valuable
suggestions.

References

1. R.H. Ritchie, Phys. Rev. A106, 874, 1957.
2. D. Gabor, Phil. Mag. 1, 1, 1956.
3. C.J. Powell and J.B. Swan, Phys. Rev. 115, 896, 1959.
4. E.A. Stern and R.A. Ferrell, Phys. Rev. B120, 130, 1960.
5. K.S. Srivastava, Shiv Singh, A.K. Srivastava, R.S. Nayal, Amita Chaubey and Pratibha
Gupta, Phys. Rev., A25, 2838, 1982.
6. K.S. Srivastava, R.L. Srivastava R.L., S.P. Singh and O.K. Harsh, Phys. Rev., B19, 4336,
1979.
7. K. S. Srivastava, K.Sinha, A. K. Srivastava, Sameer Sinha, S. K. Shukla, M.N. Sharma,
D.K. Singh, and S.K. Srivastava, Indian Jour. of Pure and Appl. Phys., 34, 190, 1996.
8. Kozo Okada and Akio Kotani, Jour. of Phys. Soc. of Japan, 60, 772, 1991.
9. B.W. Veal and Keeyung Lee, Phys. Rev. 1988 A37, 1839.
10. S.-J. Oh, Gey -Hong Gweon, Je-Geun Park, Phys. Rev. Lett., 68, 2850, 1992.
11. Marisa Scrocco, Phys. Rev. B23, 4381, 1981.
12. J. Zaanen, C. Westra and G.A. Sawatzky, Phys. Rev., B33, 8060, 1986.
13. M. Ohono and P. Decleva, Phys. Rev., B49, 818, 1994.
14. Pollini, Phys. Rev., B60, 16170, 1999.
15. Rajeev Srivastava, Vijnan Perishad Anusandhan Patrika, 50, 73, v.
16. C. Miusty- Desbuquoit, J. Riga, and J.J. Verbist, Jour. Chem. Phys., 79, 26, 1983.
17. B. Wallbank, J.S.H.Q. Perera, D.C. Frost, and C.A. McDowell, Jour. Chem. Phys., 79,
5405, 1978.
18. S.K. Sen, J. Riga, and J.J. Verbist, Jour. Chem. Phys. Lett., 39, 560, 1976.

66

Leonardo Journal of Sciences

Issue 13, July-December 2008

ISSN 1583-0233

p.59-68

19. G. Van der Laan, C. Westra, C. Hass, and G.A. Sawatzky, Phys. Rev., B23, 4369, 1981.
20. J. Zaanen, C. Westra and G.A. Sawatzky, Phys. Rev. B33, 8060, 1986.
21. D. Pines and D.Bohm, Phys. Rev., 92, 609, 1953.
22. D. Pines, Elementary excitations in solids, Benjamin New York, 1964.p.92
23. D. Pines, Solid State Phys. and Advanced Research and applications, edited by F.Seltz, ,
1, 367, 1955.
24. L. K. Jenkins, and D.M. Zenher, Solid State Comm., 12, 1149, 1973.
25. F. W. Hanson and E. T. Arakawa, Jour. Phys., 251, 271, 1972.
26. E.T. Arakawa, M.W. Williams, Phys. Rev., B8, 4075, 1973.
27. T. Kinoshita, E. Ikenga, J.Kim, S.Ueda, M. Kobta, J.R.Harries, K.Shimada, A.Ino,
K.Tamasaku, Y.Nishino, T.Ishikawa, K.Kobayashi, W.Drube, C.Kunz, Surface Science,
601, 4754, 2007.
28. Marton. L, Advanced in electronic and electron phys. edited by L. Marton Academic
Press, New York, 7, p.225, 1955.
29. Hufner, Photoelectron Spectroscopy Springer, Berlin, 1995.
30. W. J. Pardee, G.D. Mahan, R. A. Pollak, L. Ley, F. R. Mc Feely, S.P. Kowalczky and D.
A. Shirly, Phys. Rev., B11, 3614, 1975.
31. D. C.Lengreth, Nobel Symp. In Collective Properties of Physical Systems, Academic
Press New York, 1974 p.210.
32. G. A. Rooke Phys. Lett. 3, 234, 1963.
33. D. C. Lengreth Phys. Rev. Lett. 26, 1229, 1971.
34. J. J. Chang and D.C. Lengreth, Phys. Rev. B5, 3512, 1972.
35. R. Ferrell and A. J. Glick, Ann. Phys. (N.Y.), 11, 359, 1960.
36. S. K. Srivastava, Amar Bahadur, Pankaj Kumar Singh, Material Science; An Indian
Journal. 4, 119, 2008.

37. S. K. Srivastava, Amar Bahadur, Pankaj Kumar Singh, Material Science; An Indian
Journal. 4, 117, 2008.

38. S. K. Srivastava, Amar Bahadur, Pankaj Kumar Singh, Proceeding National Conference
on Scientific and Legal Challenges of Global Warming, (Brahmanand Post Graduate

College The Mall, Knapur) p.123, 2008.

67

Surface Plasmon Satellites in 2p X-Ray Satellite Spectra of Transition Metal Halides
S. K. SRIVASTAVA, Amar BAHADUR, Pankaj Kumar SINGH

39. S. K. Srivastava, Amar Bahadur, Pankaj Kumar Singh, Proceeding National Conference
on Scientific Applications of Mathematics, V. K. Mehta College of Science, Allahabad)

p.38, 2008.
40. S. K. Srivastava, Amar Bahadur and Pankaj Kumar Singh, Ultrascience, 20, 315, 2008.
41. M. Bradshaw, S.L. Caderbawm, Omecka W. D. & Kawa .U, Jour. Phys. C, Solid State
Phys., 7, 4503, 1974.

42. Andrew P. Grosvenor, Mark C. Biesinger, Roger St.C. Smartand N. Stewart McIntyre,
Surface Science, 600, 1771, 2006.
43. C. Deton, J. L. Gervasoni, R. O. Barrachina, N. R. A Rista, Phys. Rev. A57, 4498, 1997.

44. L. Kover, M. Novak, S. Egri, I. Cserny, Z. Berenyi, J. Toth, D.Varga, W.Drube, F.
Yubero, S. Tougaard and W. S. M. Wermer, Surface and interface Analysis, 38, 569,
2006.

68

